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(57) ABSTRACT

A compensation circuit has a predetermined, known complex
impedance and 1s located 1n a handle of a catheter or in a distal
end of a cable that connects to the catheter. The compensation
circuit 1s probed with a pilot signal produced by a compen-
sation control that 1s external to the catheter, by way of an
clectrical connection through the connecting cable. The com-
pensation control measures the complex impedance, which 1s
the combination of the circuit’s known impedance as well as
that of the cable. The compensation control then determines
the difference between the measured and the known complex
impedances. The difference represents that which 1s attribut-
able to the cable, and 1s used to compensate or cancel out such
cable-related contributions to complex impedance 1n mea-
surements made over other electrical connections 1n the same
cable. In another aspect, an unknown tissue 1s identified as
one of a plurality of possible tissue types such as regular
myocardium, scar and fat based on the measured phase angle
of the complex impedance of the unknown tissue.
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METHOD AND APPARATUS FOR COMPLEX
IMPEDANCE COMPENSATION

BACKGROUND OF THE INVENTION

a. Field of the Invention

The 1nstant invention relates to a method and apparatus for
complex impedance compensation, and, 1n another aspect, a
method and apparatus for using complex impedance mea-
surements including a phase angle to detect tissue morphol-
0gy.

b. Background Art

Many applications have been proposed for the use of a
measured impedance of tissue, for example cardiac tissue,
and not surprisingly a number of approaches for making such
impedance measurements have also been proposed. One pro- 1°
cedure where an impedance 1s measured and used 1s 1n cardiac
catheter ablation.

As general background, there are a number of methods
used for ablation of desired areas, including, for example,
radio frequency (RF) ablation. RF ablation 1s accomplished 20
by transmission of radio frequency energy to a desired target
arca through an electrode assembly to ablate tissue at the
target site. RF ablation may generate significant heat 1f not
controlled. It 1s therefore known to provide an RF ablation
generator with certain feedback features, such as temperature 5
and impedance. To provide such feedback for the physician/
climician’s use during the procedure, conventional RF abla-
tion generators are typically configured to measure and dis-
play a magnitude of a complex impedance |Z| intended to
represent the impedance of the patient’s tissue near and
around the ablation electrode. To make the impedance mea-
surement, conventional generators use one tip conductor (1.e.,
one lead through the catheter to the ablation tip electrode) and
one ground conductor (i.e., one lead from a ground patch or
the like back to the generator). The frequency of the source
used to make the impedance measurement is generally the 39
ablation energy source frequency, which can typically vary
from 50 kHz to 500 kHz depending on the ablation generator.
Such impedance measurements are commonly used to assess
tissue heating and tissue-electrode contact levels. However,
one shortcoming in the art 1s that such measurements are 40
subject to vaniation due to factors unrelated to the condition of
the tissue (1.e., non-physiologic changes). For example, coil-
ing of an ablation generator cable during the procedure can
increase 1ts inductance and thus alter the impedance measure-
ment, resulting 1n an 1naccurate reading that 1s not completely 5
indicative of the actual tissue condition. This scenario 1s
particularly problematic where a phase angle of the complex
impedance of cardiac tissue 1s sought, since this parameter 1s
fairly low to begin with (<15°) for the frequencies typically
used for RF ablation.

Another shortcoming 1s that conventional approaches for
complex impedance measurements do not provide any intel-
ligence as to tissue morphology, but rather appear to relate to
tissue heating and electrode-to-tissue contact levels. An
improvement to conventional approaches has been proposed
which uses a phase measurement to assess the contact level 35
for the catheter electrode. Tissue 1s more capacitive and resis-
tive than myocardium due to the cell structure. Therelore,
compared with blood, the measured impedance becomes
more capacitive and the phase angle becomes more negative
when the electrode 1s in contact with myocardium. 60

There 1s therefore a need to minimize or eliminate one or

more of the problems set forth above.

10

30

50

BRIEF SUMMARY OF THE INVENTION

63
It 1s desirable to be able to provide a method and apparatus
for measuring a complex impedance of tissue that can incor-

2

porate compensation for changes 1n the equipment, namely
the connecting cable, such as by cable coiling or the like. It 1s
also desirable to provide a method and apparatus to detect
tissue morphology using a complex impedance measure-
ment, for example based on a phase angle of the tissue’s
complex impedance. Detecting a tissue type can be usetul 1n
various applications, including diagnosis/therapy of ventricu-
lar tachycardia (VT). For example, one of the approaches for
VT ablation 1s to ablate on the border between the scar and
normal tissue to 1solate V'T.

In a first aspect of the present invention, a compensation
apparatus 1s provided directed to overcoming one or more of
the problems noted above. In concept, the compensation
apparatus 1s configured to determine a complex impedance
attributable to a connecting cable. It then uses this determi-
nation to provide compensation for another complex 1imped-
ance measurement within the same cable. The compensation
apparatus 1s preferably provided for use with a catheter hav-
ing an electrode and a cable. The cable 1s configured to allow
a first electrical connection to be made between the catheter
and an electrical device (e.g., an ablation generator) so as to
allow the device to electrically interact with the electrode
(e.g., Tor an ablation procedure). The first electrical connec-
tion (the “working connection™) 1s the one that will have the
compensation (1.e., the effects of the cable removed).

The compensation apparatus includes a circuit and a com-
pensation control. The circuit has a predetermined complex
impedance when probed or excited by a pilot signal having a
predetermined frequency. The known-impedance circuit 1s
located 1n either the handle of the catheter or a distal end of the
cable. The compensation control 1s configured to generate the
pilot signal. The cable 1s arranged to allow a second electrical
connection (the “control” connection) to be made between
the compensation control and the circuit. The second electri-
cal connection 1n the cable 1s the one that will be used to
measure the level of undesired (non-physiologic) variations.
The compensation control 1s configured to measure the com-
plex impedance of the combination of the cable (1.e., over the
second electrical connection) and the circuit, which has the
known 1mpedance. The compensation control 1s further con-
figured to then determine a difference between the measured
and known complex impedances. The difference, if any, thus
represents variation due to the cable configuration, may be
used for compensating on any complex impedance measure-

ments over the first electrical connection within the same
cable.

In a second aspect of the invention, a method for determin-
ing a tissue type 1s provided. In a preferred embodiment, the
tissue under test may be one of a plurality of different tissue
types, including regular myocardium, scar/ischemia and fat.
The method includes the steps of providing a first electrode 1n
contact with the tissue. Next, measuring a complex imped-
ance, at a predetermined frequency, between the {first elec-
trode and second electrode such as a reference electrode
(patch). The predetermined frequency may be between about
20 kHz and 100 kHz, which reveals the capacitive properties
of the tissue, while minimizing contributions by other factors
not of mterest (e.g., the reactance of any blood, the reactance
due to the electrode-electrolyte interface, etc.). The complex
impedance includes a magnitude and a phase angle compo-
nent. Finally, the method includes the step of identitying one
of the tissue types based on at least one of the measured
magnitude and phase angle components, preferably at least
the phase angle component.

The foregoing and other aspects, features, details, utilities,
and advantages of the present invention will be apparent from
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reading the following description and claims, and from
reviewing the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagrammatic view of an RF ablation embodi-
ment having complex impedance compensation 1n accor-
dance with the present invention.

FIG. 2 1s a simplified block diagram showing, in greater
detail, the complex impedance compensation apparatus of

FIG. 1.

FI1G. 3 1s a tlow chart diagram showing a method for com-
plex impedance compensation 1n accordance with the present
invention.

FIG. 4 1s a simplified diagrammatic and block diagram of
an apparatus for determining a tissue type in accordance with
the present invention.

FI1G. 5 15 a flow chart diagram showing a method for deter-
minmng a tissue type in accordance with the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The mvention that will be described herein includes two
main aspects. In the first aspect, an apparatus and method for
complex mmpedance compensation 1s provided. The first
aspect of the invention overcomes a problem described in the
Background, namely, changes in the measured complex
impedance that are observed but which are due to changes 1n
the configuration of the equipment, namely the connecting,
such as by cable coiling and the like. The first aspect provides
the ability to measure the complex impedance with respect to
the tissue more accurately, which, as understood by those in
the art, will have many useful applications. In the second
aspect of the invention, an apparatus and method 1s provided
for determining a tissue type based on, preferably, a phase
angle component and/or also a magmtude component of the
tissue’s complex impedance. The second aspect of the inven-
tion 1s useful 1n 1dentitying tissue during certain applications,
for example, identilying scar tissue in ventricular tachycardia
(V1) applications or epicardial applications for locating fat
and scar tissue. For VT ablation, one of the current
approaches 1s to ablate on the border between the scar and
normal tissue to 1solate the scar that triggers V1. As to epi-
cardial RF application, one of the important 1ssues 1s to apply
energy to regular tissue and avoid RF application on fat which
does not create an efficacious lesion.

It should be understood that the two aspects of the mven-
tion are not limited to the particular illustrated embodiments.
For example, the apparatus and method for each may be used
with catheters/catheter systems for diagnostic, therapeutic,
mapping and/or ablative procedures, to name just a few.

As further background, a complex impedance (7)) can be
expressed as set forth 1n equation (1)

Z=R+iX (1)

Where R 1s a resistance component; and X 1s a reactance
component that 1s based on both capacitance and inductance
contributions. A complex impedance can also be expressed as
set forth 1n equation (2):

Z=1Z<¢ (2)

Where |71 1s the magnitude of the complex impedance and
¢ 1s called the phase angle or alternatively sometimes simply
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4

the “phase.”” These quantities are defined in equations (3)

and (4):
ZI=V R24.X2

(3)

(4)

As used herein, the term complex impedance 1s taken to
include a magnitude and a phase angle. Where a magnitude of
the complex impedance 1s mtended, an absolute value of Z
will be denoted, |Z|. With this background, the first and sec-
ond aspects of the invention will now be set forth.

Impedance Compensation for Catheters and Cables

Referring now to the drawings wherein like reference
numerals are used to identily identical components in the
various views, FIG. 1 1s a simplified, perspective view of a
exemplary system 10 for conducting a diagnostic or thera-
peutic function, 1n which the first aspect (impedance compen-
sation) may be practiced. In particular, the first aspect pro-
vides the capability to compensate for complex impedance
variations due to the cable. The first aspect, generally,
involves deploying a circuit, one with a known complex
impedance, and then measuring the complex impedance of
that circuit over a first electrical connection through a cable.
Any measured vanations from the known, complex imped-
ance can then be attributed to the cable. Recall, the connecting
cable may be a source of variation 1n measured complex
impedance due to non-physiologic changes (e.g., cable coil-
ing, cable being wrapped around a steel bedpost to form an
inductor, etc.). The varnation attributed to the cable can then
be cancelled out of other measurements 1n the same cable, for
example, when making a complex impedance measurement
ol tissue over another electrical connection in that same cable.
In the exemplary RF ablation embodiment, a first electrical
connection, to which the compensation will be applied, 1s an
RF ablation source connection from an RF ablation generator
through a generator cable to the ablation catheter. It 1s typical
to make an impedance measurement through this connection.
A second electrical connection through the same cable 1s set
up for the purposes of determining what, 1f any, changes in
complex impedance may be due to the cable. It should be
understood, however, that this configuration 1s exemplary in
nature only, and that many other arrangements may be prac-
ticed, consistent with the teachings of the present invention.

With continued reference to FIG. 1, 1n the exemplary RF
ablation embodiment, a system 10 1s shown to include a
catheter 12 operably connected to a fluid source 14, such as a
pump assembly, and an energy source, such as an RF ablation
generator 16. The fluid source 14 and the RF ablation gen-
erator 16 may serve to facilitate the operation of ablation
procedures and may 1mvolve monitoring any number of cho-
sen variables (e.g., temperature of ablation electrode, ablation
energy, and position of the assembly), assisting 1n manipula-
tion of the assembly during the use, and providing the requi-
site energy source. Furthermore, additional components may
be integrated into the system 10, such as visualization, map-
ping and navigation components known 1n the art, including
among other things, NavX® or other systems. Moreover, 1t
should be understood that embodiments consistent with the
present invention may, and typically will, include other fea-
tures not shown or described herein for the sake of brevity and
clanity. For example, an ablation catheter may typically
include additional electrodes (and corresponding leads), a
temperature sensor (and corresponding leads), and other fea-
tures as known 1n the art.

The catheter 12 may include a cable connector or interface
18, a handle 20 and a shatt 22 having a proximal end 24 and
a distal end 26 near which an ablation electrode 28 1s dis-
posed. It should be re-iterated that while one electrode 28 1s
shown, the catheter 12 may include a plurality of electrodes,

and that 1n any event, the electrode 28, 1n other embodiments
(other than RF ablation) may be used for any number of

tan p=X/R
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diagnostic and/or therapeutic purposes. For instance, such
clectrodes and therefore such catheters may be used for per-
forming ablation procedures, cardiac mapping, electrophysi-
ological (EP) studies, and other like procedures. Accordingly,
the present mnvention 1s not limited to any one type of catheter
or catheter-based system or procedure.

The general structural and functional features of catheter
systems such as those generally comprising the catheter 12,
the fluid source 14 and the RF ablation generator 16 are
generally well known to those of skill in the art. For example,
the fluid source 14 can comprise various known assembly,
including fixed volume rolling pumps, variable volume
syringe pumps and other pump assembly known to those skill
in the art. Moreover, the fluid provided by fluid source 14 may
comprise a suitable biocompatible fluid, such as saline. Sub-
ject to the modifications described below, the REF ablation
generator 16 may comprise conventional apparatus, such as a
commercially available unit sold under the model number
IBI-1500T RF Cardiac Ablation Generator, available from
Irvine Biomedical, Inc. Of course, the RF ablation generator
16 can also comprise various other known energy sources.

With continued reference to FIG. 1, the RF ablation gen-
crator 16 1ncludes an RF power source 30 configured to
generate an ablation signal. The RF ablation signal may typi-
cally have a frequency within the range of 50 kHz and 300
kHz. The ablation generator 16 further includes an impedance
determining circuit 32 configured to determine a complex
impedance of a tissue volume proximate the tip electrode 28.
As shown, the complex impedance may comprise a magni-
tude component 34 (e.g., expressed in ohms) and a phase
angle component 36 (e.g., expressed in degrees). The power
source 30, as described above, may comprise conventional
components. The impedance determining circuit 32 may also
comprise conventional components known 1n the art, subject
to the modifications described herein.

FIG. 1 further shows a circuit 38, which 1n one embodiment
1s located 1n the handle of the ablation catheter 12, and in
another embodiment (circuit 38') 1s alternatively located 1n
the distal end of a generator cable 40. As used herein, unless
otherwise stated, both circuits 38 and 38' are the same (only
the location 1s different). Therefore, where further reference
1s made to circuit 38 1t should be understood that such refer-
ence also applies to circuit 38'. In either case, the circuit 38 (or
38") has a predetermined, known complex impedance when
probed or excited by a pilot signal having a predetermined
frequency. The predetermined frequency may preferably be
between 100 Hz and 1 MHz, more preferably between 6 kHz
and 50 kHz, and still more preferably be about 20 kHz. In
various embodiments, the circuit 38 may be one selected from
the group mncluding: a loop-back circuit (1.e., a short circuit),
a series-connected resistor circuit, series-connected resistor-
inductor (RL) circuit, a series-connected resistor-capacitor
(RC) circuit, a series-connected resistor-inductor-capacitor
(RLC) circuit, a parallel-connected RL circuit, a parallel-
connected RC circuit, a parallel-connected RLC circuit or a
combination of any of the foregoing. It should be appreciated
that when the R, L. and C values are all set to zero, the circuit
38 simplifies to the loop-back circuit described above, which
still satisfies the property of having a known, complex imped-
ance (1.e., one would expect relatively low resistance with
negligible phase shift for a loop-back).

FIG. 2 1s a simplified block diagram showing, in greater
detail, an arrangement for complex impedance compensa-
tion. In one embodiment, a compensation control 42 1s pro-
vided, which may be integrated within the ablation generator
16; however, 1n an alternate embodiment, the compensation
control 42 may be provided as a separate unit. FIG. 2 further
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shows a known complex impedance block 44 (i.e., a block
that provides the magnitude/phase values known for the cir-
cuit 38), a difference signal 46, a first electrical connection 48
over the cable 40 and a second electrical connection 50 that 1s
independent from the first electrical connection 48 but1s also
over the same cable 40.

As shown, the cable 40 1s configured generally to allow the
first electrical connection 48 to be made between the RF
ablation source 30 and the catheter 12 (1.e., and 1n turn to the
ablation tip electrode 28). The first electrical connection 48 1s
the connection for which compensation will be made. Addi-
tionally, the cable 40 1s configured to allow the second elec-
trical connection 50 to be made between the compensation
control 42 and the known-impedance circuit 38. The second
clectrical connection 30 1s the connection upon which the
difference signal 46 (i.e., a compensation or cancellation
factor) will be determined. While the second connection 50 1s
illustrated in exemplary fashion as having two wires, 1t should
be understood that the invention 1s not so limited. More than
two wires may be used to form the second electrical connec-
tion 50, and likewise, a single wire may be employed.

The compensation control 42 1s configured to generate the
above-described pilot signal at the predetermined frequency
for probing or exciting the circuit 38. Specifically, the com-
pensation control 42 1s configured to measure the complex
impedance of the combination of the second electrical con-
nection 50 and the circuit 38. Since the complex impedance of
the circuit 38 1s known and available 1n advance, the compen-
sation control 42 1s further configured to determine a differ-
ence between the measured complex impedance and the pre-
determined (known) complex impedance of the circuit 38.
Any difference, be 1t expressed 1n terms of a magnitude (e.g.,
ohms), a phase angle (e.g., degrees) or both, would then be
deemed attributable to the configuration of the cable 40. The
compensation control 42 1s thus further configured to gener-
ate the difference signal 46 indicative of the difference as
determined by the control 42. For example, 11 the measured
complex impedance, when taken relative to the predeter-
mined, known complex impedance, indicates an additional
phase lag of X degrees due to cable coiling or the like adding
inductance, the difference signal 46 may be generated to
indicate the additional X degrees lag. The difference signal 46
1s provided to the complex impedance determining circuit 32,
which 1s configured to use the difference signal 46 1n making
compensatory adjustments. Specifically, the circuit 32 1s con-
figured to use the difference signal 46 to cancel or null out
cable configuration-related varnations in any measured com-
plex impedance taken over the first electrical connection 48.
The particulars of the difference signal may take many forms,
although 1t should be understood that the selected form will be
coordinated with the form expected by the complex 1mped-
ance determining circuit 32.

The compensation control 42, in one embodiment, may be
a computer-implemented apparatus operating under software
control. For this purpose, a controller 52 (which may already
be present in the ablation generator 16 1f integrated) may be
configured to execute pre-programmed instructions to per-
form the various functions described herein. The compensa-
tion control 42 may include various controlled hardware,
such as a pilot source generator to generate the pilot signal, as
well as structure suitable for measuring the resultant signal
induced by the application of the pilot signal over the second
clectrical connection 30 to the circuit 38. These structures
may comprise conventional apparatus well known to those of
ordinary skill in the art. In the computer-implemented
embodiment, the difference signal 46 may take the form of a
compensation factor or parameter, which may be stored 1n a
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memory and available for access by the impedance determin-
ing circuit 32. Additionally, the compensation control 42 may
be further configured to update the difference signal 46 on a
periodic basis, so as to provide real-time complex impedance
compensation.

In an alternate embodiment, the compensation control 42
may be 1implemented completely in hardware employing vari-
ous means to measure a difference 1n magnitude and phase
(¢.g., phase detector) between the measured complex imped-
ance (1.¢., the cable plus the circuit 38) and the predetermined
known complex impedance of the circuit 38.

FI1G. 3 1s a flowchart showing a method for complex imped-
ance compensation in accordance with the present invention.
The method begins 1n step 54.

Step 54 mvolves the step of providing a circuit (e.g., the
circuit 38) having a known, predetermined complex 1imped-
ance at a predetermined frequency of interest (see above
description of the predetermined frequency). The circuit 38
may be located 1n the handle of a catheter, or in the distal end
ol a connecting cable. The criteria for locating the circuit 38
1s to include as much of the cable, preferably all of the cable,
in the complex impedance measurement. The method pro-
ceeds to step 56.

Step 56 involves the step of probing or exciting the circuit
38 using the pilot signal at the predetermined frequency over
an electrical connection (e.g., the electrical connection 50) 1n
the cable 40. The method proceeds to step 58.

Step 38 mvolves the step of measuring the combined com-
plex impedance of the electrical connection 50 and the circuit
38. The method proceeds to step 60.

Step 60 involves the step of determining a difference
between the measured complex impedance (cable plus circuit
38) and the predetermined, known complex impedance of the
circuit 38. This difference may be a phase angle shift (de-
grees ), a difference in magnitude (ohms), or both. The method
then proceeds to step 62.

Step 62 1nvolves the step of using the determined differ-
ence for compensation purposes 1n measurements (€.g., com-
plex impedance measurements) conducted over other electri-
cal connections 1n the same cable. For example, the complex
impedance may be measured through the first electrical con-
nection using the catheter electrode. Then, the difference may
be cancelled out of such other complex impedance measure-
ment, thereby removing the etlect of the cable configuration.
Through the foregoing, changes that might occur in the cable
can be quantified and removed, leaving only the accurate
measurement intended (e.g., the complex impedance mea-
surement of the subject tissue).

While the first aspect for an inventive compensation
scheme was described 1n connection with an RF ablation
system, 1t should be understood that this aspect of the inven-
tion 1s not so limited, and may be employed 1n a vanety of
other configurations where a catheter and one of its electrodes
1s used to conduct a diagnostic or therapeutic function.

Determining Tissue Morphology Based on Phase Angle

In the second aspect of the invention, an apparatus and
method 1s described for determining tissue morphology based
on a phase angle and/or additionally a magnitude of the tis-
sue’s complex impedance. In the field of cardiac catheter
ablation, “1mpedance” conventionally means the magnitude
7. of the complex impedance.

In the context of RF ablation, which 1s typically conducted
at around 500 kHz, a working assumption 1s that such proce-
dures ivolve nearly purely resistive heating. However, there
does exist a number of sources that contribute capacitance. At
least three main sources of such capacitance include: (1)
blood; (2) the subject tissue; and (3) an electrode (e.g., Pt/Ir)-
clectrolyte (blood or saline) mterface. Additional sources of
capacitance include any connecting wires as well as stray
capacitance. When the ablation system impedance 1s mea-
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sured (e.g., by using an LCR impedance meter), a phase angle
(or reactance component) 1s registered in addition to a resis-
tance component (e.g., Z=R+1X). The reactance due to the
capacitance and inductance 1s typically much smaller than the
resistance, and the phase angle 1s relatively small as well
(e.2.,<15°). Accordingly, for most conventional purposes,
such as determining tissue heating for example, the assump-

tion that RF ablation conducted at~3500 kHz or similar fre-
quencies 1s resistive 1s adequate. However, for other purposes,
such as the inventive approach for detecting a tissue type, this
assumption 1s madequate.

Investigation has shown that the three sources of capaci-
tances described above change differently as a function of
frequency. While the reactance contributed by the blood
capacitance and the electrode-electrolyte interface capaci-
tance both decrease to zero when excited at frequencies above
20 kHz (becoming essentially resistive), this 1s not the case
with tissue. The capacitance of tissue provides a significant
reactance value 1nto the 100 kHz frequency range and does
not decrease to near zero until above 500 kHz or higher, which
1s believed due to cell membranes contributing capacitance.

During cardiac catheter ablation, one of a plurality of dif-
ferent tissue types may be encountered. In the context of the
exemplary embodiment, regular myocardium, scar and fat
tissue types are typical of the types of tissue that can be
encountered, although 1t should be understood that other tis-
sue types may be appropriate for other embodiments accord-
ing to the principles disclosed herein.

It 1s important to understand the underlying structure of the
different tissue types and how such different structures aifect
its respective complex impedance characteristics. First, the
cell structure for regular myocardium 1s different from that of
other types of tissue considered herein such as scar and fat
tissue. The major determinants affecting complex impedance
of regular myocardial tissue are the extra-cellular and 1ntra-
cellular resistance, a gap junction conductance, and the cell
membrane capacitance (already mentioned above). Regular
myocardium therefore presents a moderate impedance (mag-
nitude) and a regular phase angle value (negative). Scar tissue
1s common for ventricular tachycardia (V1) and 1s considered
inexcitable and acellular. This makes the scar tissue more
conductive and less capacitive due to lack of cell membrane,
which results 1n low impedance and low phase angle (nega-
tive). Both the low impedance and the low phase angle of scar
tissue are different from regular myocardium. Finally, fatty
tissue 1s considered non-conductive because of the fat con-
tent, and accordingly has even higher impedance than myo-
cardium. Fat, however, has a lower phase value because no
capacitive cell membrane 1s present. It should be understood
that the impedance (magnitude) and phase angle values for
these tissue types are relative to each other. Accordingly, no
specific values are necessary.

Based on the foregoing, a correlation can be made between
the phase angle, on the one hand, and the tissue type, on the
other hand. More specifically, based on both impedance |Z|
and the phase angle ¢, a tissue type can be determined for
tissue near a measurement electrode(s), as set forth in Table 1.

TABLE 1
Magnitude (Impedance) |Z]  Phase Angle ¢
Regular myocardium Medium High
Scar/ischemia Low Low
Fat High Low

Thus, using the foregoing measurement technique, a high
impedance and low phase angle indicates fatty tissue. Alter-
natively, low impedance and low phase angle indicates a scar.
Moderate impedance value (1.e. between fat and scar) and a
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high phase angle value indicate normal myocardium. It 1s
important to note that phase angle values in the aforemen-
tioned paragraphs are all negative, such that a high phase
angle means more negative phase angle.

According to this aspect of the invention, use of the phase
angle ¢ 1 distinguishing tissue types 1s preferred because 1t
exhibits a different and unique response for each tissue type:
regular myocardium, scar and fat. Additionally, the complex
magnitude (“impedance”) |Z| may be further used as well to
distinguish regular tissue from irregular tissue, or even scar
from {fat, based on the particular values of the impedance
measurements. Normally, fat 1s more resistive than scar tissue
and this property can be used to ditfferentiate scar from fat.

FIG. 4 1s a simplified block diagram of an apparatus 100
configured to determine a tissue type based on a phase angle
and/or magnitude of a measured complex impedance of the
tissue. The apparatus 100 1s configured for use with a catheter
system 102 (partially 1llustrated) that includes a first electrode
104. The catheter system 102 1s configured to position the first
clectrode 104 so as to be 1n contact with the body tissue whose
type 1s to be 1dentified. The magnitude and phase angle mea-
surements are dependent on the electrode contact level.
Theretore, to enhance the electrode contact level and thus
assure accurate complex impedance measurements, the first
clectrode 104 1s preferably, although not exclusively, contem-
plated to be relatively small 1n size, such as the following (or
smaller): between a Five French (5 Fr) and Ten French (10 Fr)
in diameter, more preferably a Five French (5 Fr) 1in diameter,
and between 2 and 8 mm 1n length. FIG. 4 further shows a
second electrode, which 1n a first embodiment 1s a reference
clectrode 106, such as a ground patch or the like, that is
relatively large 1n size compared to the first electrode 104.
Patch 106 may be of the dispersive/indifferent electrode pad
type. In this first embodiment (small first electrode plus
patch), the complex impedance measurement being made
reflects the properties of the tissue near and around the first
electrode 104. In an alternate embodiment, the second elec-
trode may be another relatively small electrode, such as a tip
clectrode 108 or the like, shown 1n phantom line 1n FIG. 4.
The second electrode 108 may be of the same configuration as
the first electrode 104. In this alternate embodiment (1.e., two
small electrodes), the complex impedance measurement
being made reflects the properties of the tissue between the
first and second electrodes 104, 108. In still further embodi-
ments, additional, relatively small electrodes similar to elec-
trode 104 may be further included.

The apparatus 100 includes an excitation signal source
110, a complex impedance measurement block 112, and a
tissue type 1dentification logic block 114 configured to deter-
mine and output a tissue type 116. The excitation signal
source 110 1s coupled, effectively, across the first and second
clectrodes 104 and 106 (or alternatively 108) and 1s config-
ured to generate the excitation signal used 1n determining the
complex impedance. More particularly, the excitation signal,
when applied across the electrodes, will produce a corre-
sponding induced signal whose characteristics will be deter-
mined by, and thus be indicative of, the properties ol the tissue
under test. In one embodiment, the excitation signal has a
predetermined frequency preferably between about 20 kHz or
greater and 1000 kHz or less, and more preferably between
about 50 kHz or greater and 500 kHz or less. The excitation
signal source 110 may comprise conventional apparatus for
generating such a signal (e.g., may be either a constant volt-
age or current at the predetermined frequency).

The complex impedance measurement block 112 1s
coupled, etfectively, across the first and second electrodes
104 and 106 (or alternatively 108) and 1s configured to deter-
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mine a complex impedance therebetween, based on the mea-
surement of the induced signal, in view of the applied exci-
tation signal. The block 112 may comprise conventional
apparatus for performing such measurements, 1n view of the
selected nature and format of the applied excitation signal.
The source 110 and the measurement block 112 may be
integrated (e.g., like an LCR meter).

The block 114 1s configured to 1dentily one of a plurality of
candidate tissue types based on at least one of the phase angle
and/or magnitude of the tissue’s complex impedance. The
block 114 1s further configured to produce an output 116
reporting the identified tissue type. The block 114 may be
implemented with conventional apparatus known to those of
ordinary skill in the art, and may be a computer-implemented
apparatus (a computer-based controller not shown) config-
ured to operate 1n accord with pre-programmed instructions
and data. The block 114 may thus be preconfigured to include
a data structure (data structure not shown) and/or logic
reflecting the relationship(s) between tissue type, on the one
hand, and the expected phase angles and/or magnitudes on the
other hand, such as illustrated 1n Table 1 for regular myocar-
dium, scar and fat. In a preferred embodiment, the plurality of
candidate tissue types includes regular myocardium, scar and
tat as particularly set forth in Table 1. Practicing this aspect of
the invention 1n software would require no more than ordinary
skill 1n the art, 1n view of this enabling disclosure describing
the Tunctions to be performed. Of course, other implementa-
tions are possible, consistent with the teachings disclosed
herein.

FIG. 5 1s a flowchart diagram of a method of determining a
tissue type. The method begins 1n step 118.

Step 118 mnvolves the step of providing a first electrode
(e.g., first electrode 104) 1n adequate contact with tissue
where the tissue may be one of a plurality of expected, can-
didate tissue types. Step 118 also involves providing a second
clectrode, such a reference electrode patch 106 or alterna-
tively the second electrode 108 (as described above). The
method then proceeds to step 120.

Step 120 involves the step of measuring a complex imped-
ance between the first and second electrodes using an excita-
tion signal having a predetermined frequency. Step 120 may
include the substep of selecting a value defining what specific
frequency to use, the particulars of which have been described
above. Additionally, the complex impedance comprises a
magnitude (“impedance”) |Z| and a phase angle ¢. The
method proceeds to step 122.

Step 122 involves the step of identifying one of the plural-
ity ol candidate tissue types based on at least one of the
magnitude and/or phase angle. In the embodiment described
herein 1involving the candidate tissue types of regular myo-
cardium, scar and fat, the phase angle ¢ 1s the preferred,
primary parameter. The magnitude |Z| may be employed as a
secondary parameter, all as described above in detail. Step
122 may turther include the substep of reporting the 1dentified
tissue type. Through the foregoing, an apparatus and method
1s provided for determining a tissue type, based on the phase
angle and/or magnitude of the tissue’s complex impedance.
The apparatus and method 1s useful 1n many applications,
including VT applications described above.

Although numerous embodiments of this invention have
been described above with a certain degree of particularity,
those skilled 1n the art could make numerous alterations to the
disclosed embodiments without departing from the spirit or
scope of this invention. All directional references (e.g., upper,
lower, upward, downward, left, right, leftward, rightward,
top, bottom, above, below, vertical, horizontal, clockwise,
and counterclockwise) are only used for identification pur-
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poses to aid the reader’s understanding of the present inven-
tion, and do not create limitations, particularly as to the posi-
tion, orientation, or use of the invention. Joinder references
(e.g., attached, coupled, connected, and the like) are to be
construed broadly and may include intermediate members
between a connection of elements and relative movement
between elements. As such, joinder references do not neces-
sarily infer that two elements are directly connected and 1n
fixed relation to each other. It 1s mtended that all matter
contained 1n the above description or shown 1n the accompa-
nying drawings shall be interpreted as illustrative only and not
limiting. Changes 1n detail or structure may be made without
departing from the spirit of the mvention as defined 1n the
appended claims.

What 1s claimed 1s:

1. An apparatus for use with a catheter having an electrode
at a distal end thereof and a handle at a proximal end thereof,
and a cable for making a first electrical connection between an
clectrical device and a proximal end of the handle, the cath-
cter further including a lead electrically connected to the
clectrode and different from the first electrical connection 1n
the cable, the lead being configured to be coupled to the first
clectrical connection 1n the cable so as to allow the device

through the first electrical connection and the lead to electri-
cally interact with the electrode, said apparatus comprising:

a circuit having a predetermined known complex imped-
ance responsive to a pilot signal having a predetermined

frequency, said circuit being disposed in one of said

handle of said catheter and a distal end of said cable in a
cable connector interface that 1s configured to be
coupled to said handle, said circuit being electrically
connected to said to said first electrical connection when
said cable 1s coupled to said handle;

a compensation control configured to generate said pilot
signal, said cable being further configured to make a
second electrical connection between the compensation
control and said circuit wherein said second electrical
connection 1s independent of said first electrical connec-
tion, said compensation control being further configured
to measure a complex impedance of said second electri-
cal connection and said circuit responsive to said pilot
signal, said compensation control 1s further configured
to produce a difference signal indicative of a difference
between said measured complex impedance and said
predetermined, known complex impedance.

2. The apparatus of claim 1 wherein said circuit 1s one of a
loop-back circuit, a series-connected resistor circuit, series-
connected resistor-inductor (RL) circuit, a series-connected
resistor-capacitor (RC) circuit, a series-connected resistor-
inductor-capacitor (RLC) circuit, a parallel-connected RL
circuit, a parallel-connected RC circuit, a parallel -connected
RLC circuit and a combination of one or more of the forego-
ng.

3. The apparatus of claim 1 wherein said electrical device 1s
a radio frequency (RF) ablation generator, said electrode 1s an
ablation electrode.

4. The apparatus of claim 1 wherein said difference signal
1s a phase angle ofiset.

5. The apparatus of claim 4 wherein said electrical device1s
an ablation generator that includes a complex 1impedance
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determining circuit configured to measure a complex 1mped-
ance using said electrode and based on said phase angle
olfset.

6. The apparatus of claim 1 wherein said electrical device 1s
an ablation generator having an operating frequency range
between 50 kHz and 500 kHz, said predetermined frequency
of said pilot signal being no less than about 6 kHz and no
greater than about 50 kHz.

7. The apparatus of claim 6 wherein said predetermined
frequency 1s about 20 kHz.

8. The apparatus of claim 1 wherein said compensation
control includes a phase detector configured to produce said
difference signal.

9. The apparatus of claim 8 wherein said electrical device1s
an ablation generator that includes a complex impedance
determining circuit configured to measure a complex imped-
ance using said electrode and responsive to said difference
signal.

10. A method of operating an electrical device with a cath-
eter having an electrode at a distal end thereof and a handle at
a proximal end thereot, and a cable for making a first electri-
cal connection between the electrical device and a proximal
end of the handle, the catheter further including a lead elec-
trically connected to the electrode and different from the first
clectrical connection in the cable, the lead being configured to
be coupled to the first electrical in the cable so as to allow the
device through the first electrical connection in the cable and
the lead of the catheter to electrically interact with the elec-
trode, said method comprising:

providing a circuit with a {irst predetermined known com-

plex impedance when excited by a pilot signal having a
predetermined frequency, said circuit being disposed 1n
one of said handle of said catheter and a distal end of said
cable 1n a cable connector interface that 1s configured to
be coupled to said handle, said circuit being electrically
connected to said to said first electrical connection when
said cable 1s coupled to said handle;

exciting the circuit with the pilot signal over a second

clectrical connection 1n the cable that 1s independent of
said first electrical connection 1n the cable;
measuring a second complex impedance of a combination
of the second electrical connection and the circuit;

determiming a difference between the measured complex
impedance and the predetermined known complex
impedance; and

operating the electrical device in accordance with the dif-

ference.
11. The method of claim 10 wherein said electrical device
comprises an ablation generator and said electrode comprises
an ablation electrode, and wherein said operating step
includes the substep of:
measuring a third complex impedance over the first elec-
trical connection using the ablation electrode indicative
of the combined impedance of tissue 1n contact with the
electrode and the first electrical connection;

determiming a fourth complex impedance associated with
the tissue based on the measured third complex 1mped-
ance and the determined difference.

12. The method of claim 10 wherein said step of providing
the circuit includes the substep of:

locating the circuit 1n one of said handle of the catheter and

a distal end of the cable configured to be coupled to said
handle.
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